Abstract: Accumulation of non-biodegradable plastics leads to increase in land and water pollution. Polyolefins including polyethylene and polypropylene are the major plastics to be dumped in the environment and due to their recalcitrant nature persist in the environment. The hydrophobicity, high molecular weight, chemical and structural composition of these polymers hinders their biodegradation. In this review current research that have been performed to understand the abiotic mechanism of the degradation process, and various physical, chemical and biochemical approaches that can be adopted to enhance their biodegradation are discussed. Genetic engineering approaches to enhance the performance of the microorganism or computational techniques to simulate the degradation pathways could be the future to speed up the degradation of these polymers.
INTRODUCTION
Synthetic polymers have become technologically important since 1940s subsequently replacing glass, wood, masonry and other constructional materials, and even metals in many industrial, domestic, commercial and environmental applications. These widespread applications are not only due to their favourable mechanical and thermal properties but also due to their stability and durability. These endless applications of the polyolefins have subsequently resulted in the formation of large quantities of waste, leading to their dumping in the environment. The increased cost of solid waste disposal as well as potential hazards associated from waste incineration has lead to serious concern [1] . In addition, plastic waste affects the flora, fauna and animals in the biosphere.
Non-biodegradable plastics accumulate in the environment at a rate of 25 million tons per year [2] . Polypropylene (PP) and Polyethylene which includes low density polyethylene (LDPE) and high density polyethylene (HDPE) represent 18.4 and 37.7% respectively of the total polymers sales in the year 2004 in United States, Canada and Mexico and hence it could be concluded that more than 50% of plastic waste could be polyolefins [3, 4] . This review investigates the various reported approaches that could be adopted to enhance the biodegradation of polyolefins. This degradation could be due to a synergy between the environmental factors and microbes which utilise this polymer as a carbon source. All these three polymers have, although the same repeat units have different chain branching, arrangement and packing density leading to differences in their properties.
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Biodegradation
Biodegradation is defined as a process which occurs due to the action of enzymes that are secreted by living organisms (bacteria, fungi etc.) leading to its chemical decomposition. Primary biodegradability depends upon the formation of biofilm, which is defined as a layer of deposition of the microorganisms and their secreted polysaccharides etc on the polymer surface. This is followed by the breakdown of the polymer to low molecular weight oligomers (probably due to the enzymes that are secreted by the microorganisms) and then they are easily assimilated by the microbes. The ultimate degradation leads to the formation of CO 2 and water. The prerequisite for this process to take place is that the microorganism should be able to use the polymer as its sole carbon source.
In natural conditions, the degradation of plastics is a very slow process and it is a function of environmental factors such as temperature, humidity of air and moisture in the polymer, pH and solar energy; polymer properties and biochemical factors. The most problematic plastics are polyolefins as they are resistant to microbial attack, due to the absence of any active functional groups.
Factors affecting the rate of biodegradation of polyolefins include the following [5] . 7 . Chemical composition of the polymer (blends, presence of additives, UV stabilizers, and antioxidants etc.) 8 . Microorganisms in the form of mixed culture present in environment 9. Properties of microorganism including their ability to produce biosurfactant or other exo polysaccharides, hydrophobic nature of bacterial cell wall etc.
Mechanisms of Polyolefin Biodegradation
Polyolefins consist of repeating methylene units in case of HDPE, methylene and methyne units in case of LDPE and in case of PP there are methylene and methyne group per repeating unit, with an extremely high molecular weight, typically several hundreds or thousands of daltons. Additives used for the stabilization of the polymer further slow down the rate of degradation. In addition, branching increases the packing of the chains preventing the approach of the microorganism. One more factor which contributes to its slow biodegradation of plastic is lack of its water solubility. The size of the polymer molecule is large; hence the microorganism is unable to transport it directly into the cells.
Few reports have been published that elucidate the mechanism of biodegradation of polyolefins. The mechanism of photodegradation of polyethylene followed by its biodegradation has been proposed and verified. During photooxidation, cleavage occurs predominantly at the weak links which have lower bond energies (for example C-H has bond energy of 98 Kcal/mole and C-O has bond energy of 79 Kcal/mole) [6] . This leads to the formation of free radicals. The cleavage can occur not only due to its exposure to UVradiation, but also due to heat, ionising radiation and mechanical stresses. The radicals that are generated can react further with atmospheric oxygen and trigger the oxidation of the polymer. This reaction continues in a stepwise fashion producing carbonyls, aldehydes, peracid and acids [7] [8] [9] [10] . (Fig. 1) (Please insert Fig. 1 ) The carbonyl group, if exposed again to UV, can follow Norrish type I and/or Norrish type II reaction to generate terminal double bond or ester group [5, 11, 12, 18] (Fig. 1) . In the case of biodegradation, microorganisms can assimilate these abiotic intermediates, thus complicating the degradation products found in the environment. The rate of degradation is sensitive to microbial population, moisture, temperature, and oxygen in the environment [19, 20] .
Biodegradation of polyethylene is expected to be similar to that of paraffins, and it has been well documented. The biodegradation of the latter starts with the oxidation of the alkane chain to a carboxylic acid, which latter undergoesoxidation. The mechanism of the biodegradation of polyethylene shows similarities with the -oxidation of fatty acids and paraffin's in man and in animals [11] . The initial abiotic step involves the oxidation of the polymer chain, which leads to the formation of carbonyl groups. During microbial assimilation, a decrease in carbonyl groups is noted. The carboxylic acids formed react with coenzyme A (CoA) to remove two carbon fragments, acetyl-CoA. This latter is metabolized in the citric acid cycle to produce carbon dioxide and water as the final degradation products [3] . Photo- Fig. (1) . General Mechanism of Polyolefin biodegradation. [5, [11] [12] [13] [14] [15] [16] [17] . oxidation enhances the rate of biodegradation of the polymer. It leads to the scission of the main chain in the polymer, thereby leading to the formation of low molecular weight products. This results in the generation of large surface area due to its embrittlement and also a greater degree of hydrophillicity due to the introduction of carbonyl groups. All these factors further promote the biodegradation of the polymer.
ENHANCEMENT OF BIODEGRADATON OF POLYOLEFIN
Efforts have been made to enhance the rate of biodegradation of these recalcitrant polymers by modifying the polymer or initiating the degradation process by generating free radicals etc. The rate of the biodegradation can be enhanced by (1) Blending them with biodegradable natural polymers including starch or cellulose, or with biodegradable synthetic polymers including poly lactic acid (PLA), polycaprolactum (PCL).
(2) Mixing with prooxidants.
(3) Carrying out pretreatment which includes thermal, UV, microwave, high energy radiation and chemicals.
(4) Isolating and growing micro organisms that can efficiently degrade these polymers or (5) Improving the attachment of the organisms on the recalcitrant polymer surface. This can be achieved by using surface active agents or inducing the microorganism to produce surfactant and (6) Through genetic modification of the microorganism.
All these approaches will be discussed in the subsequent sections with relevant examples.
Polymer Blends

Polyolefin with Natural Polymer
Blending of natural polymer with synthetic one is a strategy to enhance biodegradation. The natural polymers include starch, cellulose, chitin etc. The percentage of natural polymer added in the blend affects the physical and mechanical properties of the synthetic polymer. Shelf life of such blends decrease since the rate of degradation of the natural polymer used as filler is several orders of magnitude larger than that of the synthetic polymer. Starch provides higher oxygen permeability as it is consumed by microorganisms. Higher permeability helps in the release of degradation products from the sample, thus making the matrix hollow, increasing the surface to volume ratio [22] . Presence of any biodegradable polymer as a blend will affect the behaviour of the polyolefins in outdoor weathering and will act as an initiator for their oxidative degradation by heat, light and microbes. Biodegradation of polyolefincellulose and polyolefin-starch blends have been reported using soil organism and soil compost [23, 24] . It is found that polyethylene-cellulose blend having 5% to 15% of cellulose fails to show any significant increase in biodegradation, whereas when the amount of cellulose is increased up to 30% the degradation of the blends started after 14 weeks under composing conditions [21] . The increasing cellulose amount in the polymer affects its physical property considerably making it unsuitable in many applications. Mucor rawxii is able to reduce the tensile strength of thermally pretreated (for 10 days at 70 ˚C) polyethylene containing 6% starch by 60% while Streptomyces species reduced the percentage elongation of the same blend from 46.5% to 28.5% [24] . Starch or cellulose present in the blends is easily degraded by the organism leaving behind the polymer [7, 16, 20] . These carbohydrates or fillers increase the adhesion of the organisms to the surface of the polymer due to the hydrophillic nature of the blend material. The adhesion of the organisms also improves its interaction with the hydrophobic polymer. The fungus Phanerochaete chyrosporium shows increase in the degradation of polyethylene-lignin and polypropylene-lignin blends (containing 10-30% of lignin) with increase in the lignin component. Biotransformation of lignin initiates its biodegradation and facilitates the attack of microbes. The hydroxyl radicals initiate the lignin degradation as well as destruction of the rigid polyolefin matrix [25] .
Experiments conducted by us with marine microorganisms (Bacillus sphericus GC subgroup IV (Alt), Bacillus cereus subgroup A (BF20)), under in vitro conditions, in mineral salt medium at 180 rpm shaking, and at 28-37 ° C (Fig. 2) show that the rate of biodegradation of starch blended polyethylene is high when compared to the unblended pure polymer (15% and 11% weight loss of the former and the later respectively in six months) [26] . The % weight loss is the difference between the initial and final gravimetric weight of the dried film.
Fig. (2). Unblended Low Density Polyethylene (
) and starch blend Low Density Polyethylene treated ( ) with Bacillus sphericus [26] . 
Polyolefin and Biodegradable Polymer Blends
Biodegradable plastics as a packaging material has recently drawn considerable attention since they could be disposed in the environment without creating long term waste disposal problems. Number of successful approaches has been adopted to arrive at degradable polymer blends which would retain the desired physical, mechanical and chemical properties of the original polymer but at the same time have higher biodegradation rates in the environment than the unblended ones. Copolymers of ethylene and styrene with vinyl ketone (methyl vinyl ketone) are being promoted as photodegradable plastics [19] . Poly lactic acids (PLA) and poly caprolactone (PCL), two common biodegradable polymers are also used as blending material. These reduce the hydrophobic nature of polyolefins. The main issue that needs to be addressed during the preparation of these blends is the poor miscibility of PCL and PLA in polyethylene and polypropylene. Use of compatibilizers leads to good miscibility. 80:20 blend of PCL and PE show enhanced fungal growth and the consortia include Aspergillus niger, Penicillium funiculosum, Chaetomium globosum, Gliocladium virens and Aureobasidium pullulans. The amorphous region of the blend which is contributed by PCL is reduced in the 16 weeks [27] . Blends of LDPE-PCL and PP-PCL when reacted with partially purified lipase enzyme from Rhizopus arrhizus show a high level of biodegradability, up to 70% for LDPE and 60% for PP. The PCL content in the blend is degraded whereas LDPE and PP polymers in the blend remained unchanged [28] . Lipase being an esterase is able to cleave the C-O bond present in PCL but is not able to break the C-C bond present in polyolefins.
Polyolefin with Prooxidant
Another approach to increase the rate of biodegradation of the polymer is by adding additives such as prooxidants, which will accelerate photo and thermal oxidation in the chain. Prooxidants are generally transition metals including Fe, Co, and Mn which are added in the form of stearates. The metal ions such as Fe 3+ initiates the formation of radical during the photo-oxidation (Fig. 3) , whereas Co 2+ or Mn 3+ in the absence of light act as catalyst for the decomposition of peroxides leading to chain scission (Fig. 4) . [29] The prooxidant and molecular oxygen are present mostly in the amorphous region of the polymer and hence the oxidation pre- dominantly takes place there and leaves the crystalline region intact [8] . Materials with time programmed mechanical properties can be prepared by using a balanced mixture of antioxidant and prooxidant additives. During exposure to the weather when the antioxidant capacity is used up then there will be a relatively fast loss of mechanical properties of the polymer due to the presence of prooxidant leading to its fragmentation [30] . Thermally pretreated LDPE films containing prooxidants show 60% mineralization (based on CO 2 production) in six months during composting leading to a drop of 5000 Da in molecular weight [1] . Microbes R.rhodochrous and N.asteraides are reported to form biofilm on the thermal and photo oxidised LDPE and HDPE films containing prooxidant. In 200 days the films loose 50% of their mechanical strength. The NMR spectroscopic analysis of the supernatant after biodegradation revealed the presence of ethanol and formate which are the oxidation end-products of PE [31] . 48% degraded fragments were extracted in boiling acetone from thermally pretreated LDPE films containing prooxidant after 100 days in river water [32] . While studying the effect of different degradation conditions on the oxidative degradation of polyethylene films with prooxidant as an additive it was found that the carbonyl index and molecular weight were affected by the experimental temperature and relative humidity [33] .
Pretreatments
Pretreatment of the polymer using physical or chemical methods prior to biodegradation have been found to enhance the process considerably. The various treatment techniques are explained below with examples 2.3.1. Physical
UV
Sunlight is a rich source of UV radiation and polymer waste dumped in the open undergo this photo initiation process. Photo oxidation is controlled by the intensity of the light and it leads to the formation of radicals. These radicals propagate forming further radicals in the polymer thereby increasing its reactivity. This pretreatment leads to a decrease in the weight average molecular weight of the polymer. Cleaved chains are most frequently terminated by carboxylic groups and other functionalities such as esters, ketones, alcohols and double bonds. Peroxides and hydroperoxides which absorb UV weakly in the wavelength range of 290 to 400nm play an important role in the photoinitiation, leading to the homolytic cleavage of the chain [34] . UV irradiation for 60 hrs. LDPE showed a weight loss of 6.2 % as compare to untreated LDPE with Bravebacillus.brostelensis for 30 days [35] . UV irradiation increased the biodegradation by 25%. UV irradiation of polyethylene for 500 hrs enhances the growth of Penicillium simlicissimum YK [36] .
Thermal
Thermal pretreatment makes the polymer more potent to microbial attack. As mentioned earlier in the mechanism of biodegradation, thermal treatment oxidises the chain there by introducing hydroxyl, carboxyl and hydroperoxyl groups. Formation of oxidised products also makes the polymer more hydrophilic which is more conducive for the attachment of the organism. Studies carried out in our laboratory exemplify the advantages of thermal oxidation on the extent of biodegradation of polyethylene and polypropylene [26, 37] . Thermally treated LDPE at 150°C for 120 hrs. showed increase in carbonyl index by 23% and when treated with fungi Phanerochaete chrysosporium showed increase in double bond index in three months indicating chain size reduction [38] .
Marine strains namely Bacillus sphericus GC subgroup IV (Alt), Bacillus cereus subgroup A (BF20), Brevundimonas vesicularies (BF10) and Curtobacterium flaccumfaciens (BF12) utilise LDPE and HDPE films in mineral salt medium under in vitro conditions as carbon source [26] . Prior to exposure to the microbial culture, LDPE and HDPE are thermally pretreated at 80 o C for 10 days. Fig. 5 (a) and  (b) show the growth in terms of colony forming unit per milliliter (CFU/ml) based on serial dilution and spread plate technique of Alt on untreated and thermally pretreated LDPE and HDPE films. In both the cases it is seen that the growth of organism is 4 to 7 times higher in thermally pretreated when compared to untreated polymer. A decrease in percentage crystallinity is observed in both the polymers after they Days CFU/ml are exposed to marine microorganism B. sphericus and this decrease over a six month period is higher with thermally pretreated polymers as shown in Fig. 6 (a) and (b) [26] . A 17% weight loss with was observed with thermally pretreated LDPE in six months, while the weight loss was only 10 % with untreated LDPE (Fig. 7 (a) ). Similarly the weight loss was 5.5% and 1% with thermally pretreated and untreated HDPE samples respectively in six months ( Fig. 7  (b) ). (Please insert Fig. 5 (a and b) , 6 (a and b), 7 (a and ab)) Experiments conducted in our lab showed that thermally pretreated pure polypropylene (PP) showed 7.1% and 10.1% weight loss in six and twelve months respectively, while untreated PP showed a weight loss of only 0.42% in 12 months with mixed soil microorganism [37] (Fig. 8). (Please insert Fig. 8 ). The experiment is performed in mineral salt medium at 180 rpm shaking, and 28-37 ° C. The % weight loss was measured as the difference between initial and final gravimetric weight of the films. Colony forming unit of the bacteria per milliter of media was calculated by serial dilution and spread plating technique on nutrient agar plates. % Crystallinity was calculated from Fourier transform absorbance spectra (FTIR) of the polymer sample. Following formula was used to calculate % crystallinity. [26] All these studies clearly indicate that thermal pretreatment enhances biodegradation of polyolefins considerably. But the temperature and duration needs to be optimized for each polymer to achieve best results.
(a) (b) Fig. (6) . Effect of pretreatment on percentage crystallinity of (a) Untreated ( ) and thermally pretreated ( ) Low Density Polyethylene, (b) Untreated ( ) and thermally pretreated ( ) High Density Polyethylene [26] .
(a) (b) Fig. (7) . Effect of pretreatment on percentage weight loss (a) Untreated ( ) and thermally pretreated ( ) Low Density Polyethylene, (b) Untreated ( ) and thermally pretreated ( ) High Density Polyethylene [26] . 
.1. Electron Beam Radiation
Electron-beam radiation is a form of ionising energy that is generally characterised, by its low penetration and high dosage rates. It is a concentrated and highly charged stream of electrons. Electrons may be collimated by holes and slits, and since they are electrically charged, they may be focused and energised by electro-magnetic fields. High energy electrons up to 10 million electron Volts (MeV) can be produced by large scale accelerators. The energy of the electrons impinging on the polymer is absorbed by it; bringing in the required changes to it by way of producing radicals which subsequently as mentioned before can initiate several reactions in the polymer. The energy (keV or MeV), current (mA) and power (kW) of the acceleration are tuned depending upon the thickness and density of the product to be treated. Irradiated polymeric materials become brittle (deterioration) due to reduction in its molecular weight due to degradation [39] . Other changes that could happen include loss in the chain length of the polymer; decrease in cross linking and modifications in the crystalline domain. This degradation mechanism is accentuated by the presence of air leading to simultaneous oxidation [40] . It should be noted that deterioration is different from biodegradation, the latter leads to the incorporation of functional group in the polymer and the former could be a mechanical change. Fig. (9) shows the Fourier transform infra-red (FTIR) spectrum of 0 and 5 Mrad electron beam irradiated samples of polypropylene (50 micron thickness). The irradiated sample shows an increase in the carbonyl peak at 1715cm -1 region. The incorporation of this carbonyl could initiate the biodegradation process. The intensity of this peak increases with increases in dosage level.
Gamma Radiation
Gamma rays are an energetic form of electromagnetic radiation produced by radioactive decay of nucleii. They have the highest frequency and highest amount of energy with shortest wavelength out of all the waves in the electromagnetic spectrum. The wavelength range lies in between 10 -11 to 10 -14 m. Gamma radiation can facilitate the biodegradation of polymer. Studies on the effect of gamma radiation on polypropylene have found that small irradiation dose is enough to significantly enhance the pyrolysis activity [41] . Solvent extractable low volatile radiolysis products of different packaging material and polyolefins after gamma irradiation increased and it was attributed to oxidative decomposition of the polymer, oligomers and additives. Gamma irradiation leads to change in mechanical and electrical properties of PP [42] . These changes are not due to the attack of microorganism. Oxidation can take place after gamma irradiation, which can make the polymer more potent to microbial attack, due to decrease in its hydrophobicity.
Chemical
Chemicals can affect the strength, flexibility, surface appearance, colour, dimensions or weight of plastics. Chemicals can attack the polymer in the following ways 1. Attack the chain resulting in the reduction in its physical properties.
2. React or oxidise the functional groups in or on the chain. Depolymerisation can also take place during this process.
3. Form radicals.
4. Bring out physical changes, including absorption of solvents; change its strength, electrical properties, colour, etc., resulting in softening and swelling of the plastic.
5. Allow solvent to permeate through the plastic leading to its dissolution, and 6. Develop stress-cracking due to the interaction of a "stress-cracking agent" with molded-in or external stresses.
Polypropylene is resistant to all the acids and bases in dilute concentration at room temperature. Sulphuric, nitric, and chromic acid (CrO 3 + H 2 O) oxidise PP. Hydrochloric acid treatment of polypropylene changes the color from light to dark brown depending upon the concentration of the acid and the reaction temperature. This is due to the reaction be- Fig. (8) . Comparison of percentage weight loss between unpretreated ( ) and thermally pretreated ( ) Polypropylene in 6 and 12months [37] . 
Months
tween HCl with the stabilisers added to the polymer. PP does not show any effect after sulphuric acid treatment up to a concentration of 70%. However, with 80% sulphuric acid, a decrease in its weight and tensile strength is observed [43] . The acid attacks the amorphous regions of the polymer and forms cracks on the surface.
An increase in sulphuric acid concentration to 98% over a 75 days treatment period at 100° C, leads to 80% decrease in the tensile strength of the polymer. However, when the temperature is reduced to 60° C no damage in PP is observed [43] . The following (Fig. 10) chain reaction is proposed during the oxidative degradation of PP by sulphuric acid in the liquid phase and the same reactions are observed with LDPE and HDPE as well [37, 44] . (Please insert Fig. 10 ) This mechanism is termed as sulphonation-desulphonation which leads to the dehydrogenation and ultimately to charring of the polypropylene. The FTIR data of LDPE, HDPE and PP after acid treatment show negative peak at 1740cm -1 indicating that sulphuric acid attacks and destroys carbonyl impurities. FTIR of LDPE treated with sulphuric acid shows the formation of vinylidene unsaturation in the polymer [44] . Polypropylene did not show any change in tensile strength and weight loss when treated with 0-60% acetic acid at 100 o C. However, with 70% acetic acid, a drop in strength is observed. PP treated with nitric acid at various concentrations (10-40%) and temperature o C) showed that at 100 o C its strength decreased considerably, while the weight loss remained unchanged [43] . The amorphous part of the polymer is oxidised by nitric acid after penetrating into it, while the crystalline portion remains intact. It is stable at low concentration of nitric acid (up to 60 o C); but breaks down completely with in the course of a few days at concentration above 10% at 100 o C. Chromic acid treatment fails to bring about any significant change to polypropylene. It appears to attack the crystalline and amorphous regions at approximately the same rate, thereby removing layers of the polymer uniformly and revealing the microstructure of the interior [43] .
MICROBES AND MICROBIAL PRODUCTS
Enzymatic Degradation
Oxidative degradation is the main mechanism (Fig. 1) for non-hydrolysable polymers such as polyethylene and polypropylene [16] , which leads to reduction in their molecular weight. Oxidative enzymes which include peroxidase, monooxygenase, manganese peroxidaseoxidase and dehydrogenase are responsible for the oxidation of ethylenic groups. These extracellular or intracellular enzymes convert the polymer into monomer, dimmer or oligomers which can enter the microbial cell and then be utilized as the energy source.
Bacteria can use diverse carbon sources as catabolites. The enzymes for metabolising these different substrates can be provided in two ways. A bacterium could constantly synthesis all of the enzymes required for degradation or else could activate enzyme synthesis as necessary to metabolise when needed or is thermodynamically favourable. The manganese peroxidase and lignin degrading enzyme partially purified from Phanerochaete chrysosporium are reported to degrade high molecular weight polyethylene [14, 45] .
Biosurfactant
Biosurfactants are surface-active compounds produced on microbial cell surface or secreted out by the microorganisms. They are amphiphiles having both hydrophilic and hydrophobic groups, which reduce the interfacial tension at the surface of the liquid or at the interface of two immiscible liquids. They increase the solubility, bioavailability, and biodegradation of hydrophobic or insoluble organic compounds. In addition, biosurfactants play an essential role in the swarming motility of microorganisms, biofilm (either inhibit or accelerate) formation and can complex with heavy metals aiding its removal. Some of the biosurfactants also show antimicrobial activity [46] .
Microbial Surface Active Compounds can be Classified as [46, 47]
1. Low molecular weight biosurfactants including Glycolipids, lipopeptides, phospholipids, eg., rhamnolipids, Surfactin, viscosin, polymixin etc., 2. High molecular weight biosurfactants namely a. Amphiphilic polymer -High molecular weight surface active polymer with hydrophobic region at one end of the molecule, eg., lipopolysaccharides, lipoteichoicacids, lipoglycans etc., b. Polyphilic polymers -High molecular weight surface active polymers with hydrophobic groups distributed across the entire molecule, eg. emulsan, alasan, biodispersan, hydrophobic polysaccharides etc., Fig. (10) . General mechanism of action of sulphuric acid on polyolefins [44] .
Types of Biosurfactants Produced by Microorganisms
Ustilago maydis, Bacillus licheniformis, Serratia marcescens, Pseudomonas fluorescens, Bacillus subtilis, Bacillus brevis, Bacillus polymyxa).
A single microorganism can produce many different types of biosurfactants. For example different strains or same strains of Bacillus subtilis can produce different lipopetide biosurfactants which includes surfactin, iturin, esperin, fengycin, mycosubtilin, bacillomycin, subtilisin, plipastatin and bacillopeptin. These lipopeptides have different lipid chain length and may have different aminoacid sequences.
Role of Biosurfactant in Biodegradation of Polyolefins
Polyethylene and polypropylene have CH 2 groups and hence are hydrophobic, which is one of the reasons responsible for their inertness to microbial attack. The prerequisite for the biodegradation of polymers is the attachment of microorganisms to the surface or formation of biofilm (complex aggregation of microorganisms and exopolysaccahrids) on the polymer surface. It is reported that this biofilm formation and thus the rate of biodegradation is enhanced by the external addition of synthetic surfactants like Tween 60/80 [31] .
Amphiphilic nature of biosurfactant is responsible for the attachment of microorganisms on hydrophobic surfaces. Microorganisms that include Serratia marcescens, Pseudomonas aeruginosa, Bacillus pumilus, Bacillus laterosporus, Acinetobacter calcoaceticus, Escherichia coli and Staphylococcus aureus have surface hydrobhobicity which have a direct correlation with the production of biosurfactant [50] .
Colonisation, biofilm formation and biodegradation of polyethylene by Rhodococcus rubber is found to depend strongly on the surface hydrophobicity of the cell. An 8% weight loss is seen on polyethylene treated with this microorganism within 30 days of incubation [51] . Fig. (11) shows biosurfactant production in the presence of various synthetic polymers such as PP, LDPE, HDPE, and Polycarbonate (PC). The amount of biosurfactant produced is a function of the hydrophobicity of the polymer film. The control flask had no polymer. Flasks containing PP and PC produce maximum amount of biosurfactant when compared to low 
Table 1. Types of Biosurfactant Produced by Different Microorganisms
Types of Biosurfactants Produced Microorganisms
Glycolipids and high density polyethylenes. The contact angle of the polymers PP, PC, LDPE and HDPE are 110, 80, 90 and 73 respectively. PP is the most hydrophobic and HDPE is the most hydrophilic in this sample set. This study is carried out in our lab.
Factors Affecting Biosurfactant Production
The amount of biosurfactant produced depends primarily on the microbial source and other factors as listed below [52] . The composition of the biosurfactant varies depending upon the carbon, nitrogen, amino acid sources and the medium composition.
Mixed Culture
Mixed culture can be more useful than single culture, and when they grow in symbiosis they may enhance the growth of the biofilm formed as well as increase the hydropillicity of the polymer surface when compared to growth of individual organism which may ultimately makes the polymer more susceptible to degradation. Microbial culture like Klebsiella pneumonia and Pseudomonas aeruginosa are reported to form a biofilm on the surface of steel. The later colonises the surface faster while the former grows faster on the surface layer of this biofilm [53] . Mixed spore culture of four fungi (Aspergillus niger, Penicillium funiculosum, Paecilomyces variotii and Gliocladium virens) are reported to grow on thermally oxidised PE having cobalt as, prooxidant in solid agar for many weeks. The molecular weight of the polymer decreased with respect to increase in the fungal growth on the films. Gel permeation chromatography (GPC) showed that the low molecular weight fragments generated during abiotic oxidation of PE were eliminated in the presence of fungi [54] . Mixed culture of fungus and bacteria, (Penicillum frequents and Bacillus mycoides) was found to grow on degradable polyethylene (having chemical and photo intiators). The mixed culture reduced the weight of the polymer by 7% whereas single culture of the same microorganism showed ~ 0.50% reduction in weight, indicating a synergy between the two microorganisms leading to 14 -times increase in the biodegradability of the polymer [55] . 
GENETIC ENGINEERING
Once the biodegradation pathway is well established the organism could be genetically modified so that the desired enzyme is made to be secreted more or, the process could be directed to follow a specific pathway. The main drawback of biodegradation process is that the polymer takes longer time to degrade. Reducing the time period required for biodegradation can be achieved by either making the polymer more susceptible to microbial attack (which was discussed in the earlier section) or by enhancing the capability of the microorganism to degrade the polymer (Genetic engineering). The latter possibility can be attempted by utilising genetic engineering tools including DNA sequencing, protein sequencing, production of recombinant organism, etc. Biosynthetic genes phbA (for 3-ketothiolase), phbB (NADPH-dependent acetoacetyl-CoA reductase), and phbC (PHB synthase) from acetyl-CoA have been cloned to produce polyhydroxyalkanoic acid (PHA) and poly (3-hidroxybutyric acid) (PHB) [56] . These genes are clustered and are presumably organised in one operon. The genes have been expressed in Escherichia coli and in different species of the genus Pseudomonas.
Genetic engineering makes it possible to alter the properties of the existing degradative enzymes, to modify regulatory mechanisms and to assemble within single organism degradative enzymes from phylogenetically distant organisms. Uncovering new genes with unknown functions provides new clues about the richness of microbial genetic diversity and gives us the pool from which novel biocatalysts (enzymes) can be isolated. New types of biochemical reactions (by enzymes) will not be discovered by DNA sequence analysis alone. Both reaction and gene screening need to occur in parallel.
In this process, after gene sequences are obtained, similarities to known gene product (mostly proteins) are deduced, and the biological functions, phenotypes are suggested. In this way, genes are used to deduce what a bacterium can or cannot do. The identification of similarity between unknown and known sequences reported in data bases are done using bioinformatics tools. This study will map the sequence of the new organism with the one whose biological function has been well established by a variety of computational methods. In this way, with the help of chemical experiments and sequencing the genes, one would be able to understand the capability of a particular bacterium. Two pathways that can be attempted to genetically improve the biodegradation capability of the organism are shown in Fig.  (12) . (Please insert Fig. 12 ). The first approach involves starting directly from the DNA sequencing data and to deduce the protein sequence from this information. Subsequently the function of the protein is deduced. In the second approach the functional genomics is reversed. In this approach discovery flows from phenotype to protein to gene (DNA) [57] .
FUTURE TRENDS
In the natural environment, different kinds of microorganisms play an important role in various steps involved in the degradation of synthetic polymers in general, and polyolefins in particular. Studying the synergism between those microorganisms will give insight for future efforts towards the biodegradation of these materials. Polyolefins with only methylene repeat units are highly recalcitrant, have high molecular weight, and have hydrophobic surfaces making them difficult for the microorganism to form stable biofilms and degrade them to small molecular weight oligomers.
An understanding of the degradation mechanisms of both natural and synthetic polymers by microorganisms and enzymes will open up new prospects in the field of biodegradable plastics and also address the other environmental issues. The biodegradation mechanisms of the polymeric material will contribute to further development of the next generation materials having a high environmental acceptability and recyclability. If one can utilise these polyolefin wastes to produce some useful products like biosurfactant, the biodegradation process will be economically favourable. Use of biosurfactant producing organisms has not been fully exploited in the use of polymer degradation. In addition to screening soil microorganisms, isolating microorganisms from marine, petroleum waste and polymer dump site could lead to new unexplored strains, with superior performance. Polymer degradation and transformation technologies are also essential for polymer production and recycling. Polyethylene and polypropylene can be synthesised and chemically recycled by novel enzyme -catalysed polymerisation and degradation methods.
If one can characterise the genes responsible for the production of degrading enzymes and its regulation by using current genetic engineering tools, one can genetically modify the microorganisms and use them as a superbug for degrading the recalcitrant polyolefins. Genomics and proteomics could speed up the above mentioned step and hence more research should be focused in this direction.
In the world of Bioinformatics and Biostatistics mathematical simulation of polymer degradation process can be the future area of interest. The algorithms of the chain scission mechanism which can be induced by any physical treatment on the polymer like exposure to UV, , ionising radiation; thermal; chemical; or mechanical stimuli has been established [58] . This study can help us to develop special recycling techniques, biotic environment required to achieve biodegradation, and degradation tenure of polymer. Algorithms are developed for the degradation of linear and branched polymers. All these models are based on either some statistical approximations or developed based on the kinetics of degradation process [59] [60] [61] .
Computational and molecular modelling techniques in spite of their widespread use in materials science, medicinal chemistry and the pharmaceutical sciences, has not been attempted in the area of environmental sciences. With the continued increase in computer power, it is hoped that one day it may be possible to predict the static and dynamic biological response of microorganisms such as bacteria and fungi when they come in contact with a polymeric surface, the formation of biofilms and generation of extracellular enzymes and polysaccharides. It should be possible to simulate the dynamic growth of a biofilm on a polymer surface and the population of various biological species in the biofilm.
